Introduction {#sec1-1}
============

Alzheimer's disease (AD) is the most common neurodegenerative disorder among the elderly. It has a multifactorial etiology and a complex pathogenesis ([@ref1], [@ref2]). The prevalence of this chronic disease is rising more quickly in western countries and lack of effective treatment for AD is becoming a global health care concern ([@ref3]). Two hallmarks of AD in the brain are accumulation of the amyloid-β-peptide (Aβ) as senile plaque and intracellular aggregation of the microtubule associated tau protein as neurofibrillary tangles ([@ref4]). Consequently, abnormal protein accumulations lead to neuronal loss and episodic memory impairment in AD patients ([@ref4]). Current therapeutic approaches such as acetyl cholinesterase (AchE) inhibition and N-methyl D-aspartate (NMDA) glutamate receptor blockers have limited beneficial efficacy with several side effects ([@ref5]).

Recent evidence indicates that abnormal hyper-phosphorylated tau protein is a critical aspect in the pathology of AD. Surprisingly, there is a growing interest in focusing on the structure and function of tau protein to develop new drugs ([@ref6], [@ref7]). In this regard, tau-directed drug discovery is divided into three major categories, namely anti-aggregation strategy context (methylene blue chloride-Rember ™), inhibitors of tau hyperphosphorylation (lithium) and microtubule stabilizing agents such as Paclitaxle ([@ref8]-[@ref10]). Combinatorial library screen methods show inhibitory activity of small molecules with several chemical properties against tau protein aggregation, but most of these compounds have toxic side effects and low permeability across the blood-brain barrier (BBB) ([@ref11]-[@ref14]). Thus, more attention has been attracted to natural phytochemicals such as polyphenols including curcumin ([@ref15], [@ref16]), fulvic acid ([@ref17]), cinnamon ([@ref18]), oleocanthal ([@ref19], [@ref20]) and oleuropein ([@ref21]) which have anti-aggregation effects. Saffron (*Crocus sativus*, L.) has been frequently used in traditional herbal medicine for its sedative, anti-spasmodic, eupeptic, anti-depressant, stoma-chic, and anti-catarrhal features as well as protect-ting characteristics against age-dependent neuro-degeneration and dementia ([@ref22]-[@ref24]). In addition, recent pharmaceutical studies in human and animal models show that saffron extract reveals therapeutic effects such as anti-tumor cell proliferation, insulin resistance prevention and neuronal injury protection ([@ref22], [@ref25]). Carotenoids are the major secondary metabolites of saffron and crocin (di-glucosyl esters of crocetin) is the main glycosylated carotenoids constituent ([Figure 1](#F1){ref-type="fig"}). This compound is water soluble carotenoid which is responsible for saffron's color ([@ref26]).

![Chemical structure of crocin](IJBMS-18-485-g001){#F1}

The cumulative basic and clinical evidences support the memory-enhancing and anti-Alzheimer's disease properties of saffron ([@ref27]-[@ref29]). Experimental studies have indicated acetylcholinesterase inhibi-tion, pro-inflammatory markers reduction, as well as impaired memory retention inhibition effects of saffron ([@ref29]). More importantly, recent clinical trials demonstrated that saffron has preventive properties against mild to moderate AD ([@ref29]). Moreover, Ghahghaei *et al* ([@ref30]) and Papandreou *et al* ([@ref31]) showed anti-aggregation activity of crocin on amyloid-β~1-40/1-42~ peptides in different *in vitro* and *in vivo* experimental models. To the best of our knowledge, there is no study on the inhibitory effects of crocin on tau aggregation process. According to the similarity of structural fibril formation in both amyloid β and tau protein ([@ref32]), in the present study, we investigated the inhibitory effect of crocin on the aggregation of recombinant human tau protein (1N/4R) isoform, *in vitro*.

Materials and Methods {#sec1-2}
=====================

Materials {#sec2-1}
---------

All chemicals were of analytical grade and purchased from Merck, GmbH, Germany.

Purification of crocin {#sec2-2}
----------------------

Crocin was purified from *Crocus sativus* L. extract as described previously ([@ref33]). In all steps, crocin stock (2 mg/ml) was prepared from its powder that was dissolved in piperazine-N, N′-bis 2-ethanesulfonic acid (PIPES) buffer (pH 6.8).

Recombinant tau protein expression and purification {#sec2-3}
---------------------------------------------------

Expression and purification of tau protein were done based on our previous work with minor modification ([@ref34]). Briefly, *Escherichia coli* strain BL21 (DE3) was infected with pET-21a vector including human tau 1N/4R gene (*htau34*). Recombinant tau was purified via a succession of Ni-NTA-Agarose precipi- tation (equilibrated with 10 mM HEPES, 100 mM NaCl, and 15 mM imidazole, pH 7.4) and eluted with 80 mM imidazole. The concentration of purified tau was determined using OD 280 nm with extinction coefficient 7700 M^−1^cm^−1^ and the purity of the protein was verified with SDS-PAGE gel electrophoresis. The protein was stored at --80 °C until use.

Tau aggregation via Thioflavin T (ThT) fluorescence {#sec2-4}
---------------------------------------------------

The tau fibrillation was assayed using Thioflavin T emission fluorescence based on Monti *et al* methods with minor modification ([@ref20]). In brief, solutions of tau (20 μM) were prepared using an assembly buffer (10 mM HEPES, 100 mM NaCl, 3 mM dithiothreitol (DTT), and 800 μM arachidonic acid as inducer of fibrillation) into a Grenier solid black 96-well plate. After 1 hr incubation at 37 °C, ThT (50 μM) was added to assay the fibrillation reaction. The plate was covered with self-adhesive aluminum foil to avoid exposure to light and incubated with shaking at 250 rpm for 120 hr at 37 °C. Finally, fluorescence was measured every 24 hr by a multimode microplate reader Synergy H4 (Biotek Instruments, Winooski, VT) at excitation 440 nm and emission 490 nm. The background fluorescence of tau, crocin, arachidonic acid and ThT was subtracted. To study the inhibitory effect of crocin on tau protein fibrillation, tau was incubated in the absence and presence of crocin at different concentrations ranging from 0.2 μg/ml to 600 μg/ml. Briefly, aggregation procedure for 20 μM tau protein in the presence of 800 μM arachidonic acid was performed at different concentrations of crocin (0.2, 2, 20, 50, 100, 200, 400 and 600 μg/ml). The amount of filament formation was determined by ThT fluorescence spectrometry assay. The percentage of inhibition of tau aggregation in the presence of crocin was compared with tau aggregation in the absence of crocin (100%). The normalized data was plotted against the logarithm of crocin concentrations and fitted to dose-response curve. In essence, 100 μM methylthioninium chloride (Methylene blue) was used as the reference of tau inhibition. All measurements were carried out in triplicate separate assays with at least two preparations of purified proteins.

Circular dichroism (CD) spectroscopy {#sec2-5}
------------------------------------

Far-UV CD spectra were documented in the presence and absence of crocin to monitor changes in secondary structure of tau protein during aggregation. At the end of the experiment after 120 hr incubation, samples were diluted 1:3 in buffer containing 10 mM HEPES. The measurements were done in a 0.1 cm path length cuvette, using an Aviv model 215 Spectropolarimeter (Lakewood, NJ, USA). Spectra were recorded in the range of 195-260 nm with a data interval of 1 nm. Each spectrum was an average of two scans with a subtraction of buffer baseline.

Dynamic light scattering (DLS) {#sec2-6}
------------------------------

Next, samples were diluted 1:3 again in 10 mM HEPES buffer and DLS measurements were performed by a ZetaPlus (Zeta Potential Analyzer-Brookhaven, USA) using the particle sizing software (Version 5.2). Samples were thermally equilibrated at 25 °C for 2 min before data collection. Particle size was recorded as the average of five measurements and expressed as percentage of mass and mean radius (nm).

Transmission electron microscopy (TEM) {#sec2-7}
--------------------------------------

Aliquots of samples (2 μl) were diluted 1:3 again in 10 mM HEPES buffer and absorbed into carbon-coated gold TEM grids (SPI Supplies, Westchester, USA). The grids were dried with filter paper and were negatively stained with 2% uranyl acetate. The observations were performed with a H600 transmission electron microscope (Hitachi Co.) operating at 50,000× at 75 kV excitation voltages.

Cell culture {#sec2-8}
------------

For detection of suspected toxicity of producing aggregates, cell viability was evaluated with conventional MTT reduction assay in the presence and absence of crocin in PC12 cell line ([@ref35]). PC12 cell line was obtained from Pasture Institute of IRAN, Tehran, Iran. All cells were cultured in sterile flasks with DMEM medium and 10% fetal bovine serum (FBS). In order to evaluate cell viability, cells were incubated with 10 µl of crocin (after 120 hr) for 24 hr at 37 °C.

Statistical analysis {#sec2-9}
--------------------

Aggregation data were adjusted to a sigmoidal model and graphed by SigmaPlot version 12.0 Ink. Data are expressed as mean±standard deviation (SD). Cell viability was compared by t-test and *P*\<0.05 was considered as statistically significant. Statistical analyses were performed using SPSS software version 15.

Results {#sec1-3}
=======

Tau expression and purification {#sec2-10}
-------------------------------

Our previous study showed that tau protein (1N/4R) can be expressed in *E. coli* strain BL21 (DE3) with the pET-21a vector in high quantity ([@ref34]). As shown in [Figure 2](#F2){ref-type="fig"}, the tau protein 412 amino acid (*htau 34*) was the major protein expressed. Two samples of induced and none induced by IPTG were compared in lane A and B which showed a considerable concentrated band at 48-63 kDa. Next, the purification of *htau34* monomeric with a purity of \>98% was achieved following Ni-NTA-Agarose precipitation step as described above with a final volume of 5 ml containing 1 to 2 mg/ml of protein. The eluted fractions containing *htau34* showed a single dense band at 48-63 kDa (lane E).

![Expression and purification of Tau 412 AA (*htau 34*); The samples were mixed with SDS- sample buffer, separated on 12% SDS-PEGE gel and stained with Coomassie Brilliant Blue R250. The tau monomer band is in the range of 48-63 kDa. A: Before IPTG- induction, B: After IPTG- induction, C: Mr. Marker D: Tau 412 AA (*htau 34*), E: tau after purification with Ni-NTA-Agarose precipitation](IJBMS-18-485-g002){#F2}

Evaluation of tau aggregation in the presence of crocin using ThT fluorescence assay {#sec2-11}
------------------------------------------------------------------------------------

The ThT fluorescence assay can be used in order to show the polymerization of tau to filaments. The ThT binds to beta--sheet structures and changes the fluorescence emission spectra. This can be used in order to confirm the polymerization of tau to form an aggregate. In our experiment, the time--course of tau aggregation was nucleation-elongation reaction model that involves the formation of the beta-structure followed by a sigmoid curve that reached plateau after 120 hr of incubation ([Figure 3](#F3){ref-type="fig"}). The amyloid aggregation systems characterized by sigmoidal curve with three steps, nucleation, elongation and steady state phase. As shown in [Figure 3](#F3){ref-type="fig"}, the nucleation phase occurred within 5 hr of incubation; however, the elongation step happened between 5 and 96 hr. Its kinetic reached a steady state phase after 120 hr of incubation followed by slow drop in ThT fluorescence.

![Tau 412 AA (*htau 34*) was aggregated by arachidonic acid as an inducer of fibrillation for different time (0, 5, 24, 48, 72, 96 and 120 hr) which was measured by ThT emission spectrometry. Tau protein concentration was 20 μM, with 800 μM arachidonic acid in assembly buffer pH 7.4, and 3 mM DTT. The plateau was reached after 120 hr of incubation. A shift in the fluorescence emission spectra and enhancement of intensity were seen. Tau aggregation in the absence and presence of 100 μg/ml crocin (▲) and 100 μM methylene blue (○) was measured by ThT fluorescence spectrometry. Data are expressed as mean±SD, n=3. \*\*\* *P*\<0.001 compared with tau group. MB and crocin are significantly different from tau (\*\*\* *P*\<0.001)](IJBMS-18-485-g003){#F3}

For determination of IC~50~, we used crocin at various concentrations ranging from 0.2 to 600 μg/ml. Results showed that 100 μg/ml of crocin was required for inhibition of 50% of tau aggregates in a dose-dependent manner (Data not shown). As indicated in [Figure 3](#F3){ref-type="fig"}, under fibril condition, when crocin at final concentration of 100 μg/ml was added to tau protein, incubated for 120 hr, the intensity of ThT fluorescence was significantly changed (*P*\<0.001). This implied that crocin can bind to intermediate structures of tau protein and inhibit its conversion to more aggregated conformations during the fibrillation process.

Circular dichroism (CD) spectroscopy {#sec2-12}
------------------------------------

CD spectroscopy is widely used for testing protein structures in solutions. [Figure 4](#F4){ref-type="fig"} shows the CD spectra of monomer, aggregated and incubated in the presence of crocin (black, green and blue lines, respectively). As shown in [Figure 4](#F4){ref-type="fig"}, the CD spectrum of tau protein monomer (black line) before applying the fibrillation process spectacles very small positive transition near \[θ\] ~220~ and a single large negative peak at \[θ\] ~200~. This spectrum typically shows the random coil structures of tau protein. Moreover, the CD spectrum after 120 hr of incubation converted into strong negative ellipticities at near \[θ\] ~217~ which is the expected spectrum of beta-sheet structures of tau fibrils the transition from the random coil to beta-sheet structure was clearly observed after 120 hr. In addition, after adding crocin (100 μg/ml) to tau protein under fibril condition, the intensity of ellipticity of \[θ\] ~217~ was significantly reduced and crocin impeded the formation of beta-sheet structures of tau protein. These results reflect an increase in the stability of the random coil structure of tau protein and a decline in the amount of beta-sheet structure of tau fibrils.

![Far-UV CD spectra were documented in the presence and absence of crocin to monitor changes in secondary structure of tau protein aggregation. At the end of experiment (120 hr), the samples were diluted 1:3 in composite buffer containing 10 mM HEPES buffer (pH 7.4) for CD measurements. CD spectrum after 120 hr of incubation, converted into strong negative ellipticities at \[θ\] ~217~ which is the expected spectrum of beta-structures of tau fibrils. Tau monomer (black line) - Tau Aggregate (green line)- after incubation with 100 μg/ml crocin (blue line)](IJBMS-18-485-g004){#F4}

Dynamic light scattering (DLS) {#sec2-13}
------------------------------

In our study, DLS was performed to observe the size distribution of population of tau protein aggregate species using the particle sizing software (Version 5.2). As shown in [Table 1](#T1){ref-type="table"}, at the end of the fibrillation process of tau protein without crocin, the diameter of particles was significantly increased. Filaments represented a heterogeneous mixture of aggregates of different size with an average diameter of approximately 1745 nm (95% of total mass). Additionally, regarding tau protein with crocin (100 μg/ml) under fibril condition, the diameter of aggregate forms was remarkably decreased with a mean size of approximately 111 nm (87% of total mass).

###### 

Size distribution was obtained by analysis of dynamic light scattering data. DLS measurements were performed with a ZetaPlus (Zeta Potential Analyzer-Brookhaven, USA) using the particle sizing software (Version 5.2). At the end of fibrillation process for tau protein without crocin, the diameter of particles was significantly increased. In tau protein with crocin (100 μg/ml), the diameter of aggregate forms was remarkably decreased

                         Mass (%)    Mean radius±SD (nm)
  ---------------------- ----------- ---------------------
  Tau                    95          1745 ± 145
  5                      231 ± 55    
  Tau + Methylene blue   95          170 ± 39
  5                      200 ± 21    
  Tau +Crocin            87          111 ± 25
  13                     600 ± 171   

Transmission electron microscopy (TEM) {#sec2-14}
--------------------------------------

Morphological forms of the aggregates in the absence and presence of crocin were observed by TEM ([Figure 5](#F5){ref-type="fig"}). After incubation for 120 hr under fibril condition, tau protein without crocin was distinct mature fibers as well as amorphous aggregates with dimensions of approximately 10-22 nm in width and up to 1 μm in length ([Figure 5A](#F5){ref-type="fig"}). These structures are characterized by paired helical filaments (PHFs) and contained extended beta-sheet and hydrophobic structures. On the other hand, in the presence of crocin, the majority of tau proteins were in amorphous form ([Figure 5B](#F5){ref-type="fig"}).

![Electron micrographs of A: tau protein without crocin; B: tau protein with crocin. Samples were applied to carbon-coated gold grids, negatively stained with 2% uranyl acetate and analyzed by H600 transmission electron microscope (Hitachi Co.) operating at 50,000× at 75 kV excitation voltages. After incubation for 120 hr tau protein without crocin sample showed mature fibers as well as amorphous aggregates. In the presence of crocin, the majority of tau proteins was amorphous form. The Scale bar represents 200 nm](IJBMS-18-485-g005){#F5}

PC12 cell culture {#sec2-15}
-----------------

To investigate the toxicity of structures that were produced in the presence of crocin, MTT assay was performed. After incubation for 120 hr under fibril condition, the result of MTT assay showed less toxicity (about 20%) in samples containing tau protein and crocin compared to samples that contained tau protein only which proposed that the mixture of tau protein and crocin was not toxic for the cells ([Figure 6](#F6){ref-type="fig"}).

![Cell viability after 24 hr incubation was determined by MTT assay. The results of MTT assays show less toxicity (about 20%) of tau protein with crocin as compared to tau protein without crocin which proposes that products resulting from inhibition of tau aggregation are not toxic to PC12 cells. Data are expressed as mean± standard deviation (SD)](IJBMS-18-485-g006){#F6}

Discussion {#sec1-4}
==========

Considering the complexity of pathogenesis and multi-step process of AD development, current therapeutic approaches involve Multi-Target-Directed Ligands (MTDLs) ([@ref36], [@ref37]). According to MTDLs, natural products such as phytochemicals including alkaloids, polyphenols and terpenoids are important therapeutic substances ([@ref38]). The major advantages of herbal compounds are their multiple actions and multi--target mechanisms ([@ref39]). Therefore, AD therapeutic candidates should have several effects such as anti-oxidation, anti-inflammation, inhibition of amyloid-β and tau protein aggregation and Acetylcholine esterase inhibitory activity ([@ref39]-[@ref41]).

A previous study showed that crocin acts as a potent radical scavenger ([@ref42]) and Nam *et al* suggested that crocin represses microglial activation in rat brain and could be effective in the inhibition of LPS-induced nitric oxide (NO) release ([@ref43]). Moreover, an *in vitro* study has shown that saffron extract has an acetylcholinesterase (AchE) inhibitory activity ([@ref44]). In addition, Ghahghaei *et al* ([@ref30]) and Papandreou *et al* ([@ref31]) showed that crocin effectively reduces the amount of amyloid-β fibrils.

Herein, we showed that crocin can inhibit the aggregation of human tau protein. Our results revealed that in the presence of crocin, the beta- structure/random coil ratio of tau protein under fibril condition decreased significantly ([Figure 4](#F4){ref-type="fig"}). The probable mechanism of anti-tau-aggregation of crocin could be related to its chemical structure that consists of three parts containing a polyene hydrocarbon chain, carbonyl groups and β-D-gentiobiosyl at both ends ([Figure 1](#F1){ref-type="fig"}) ([@ref26], [@ref30]). The partial negative charge of carbonyl groups can likely interact with positive residues such as Lysine and Argenin. On the other hand, positive residue especially lysine exists in hexapeptide aggregation cores of protein (^275^VQIINK^280^ and ^306^VQIVYK^311^) and it plays a critical role in the self-assembly of tau protein into abnormal fibrils ([@ref45]). According to the above mentioned facts, carbonyl groups of crocin could interact with lysine residues and impair the self-assembly procedure of nucleation and elongation of fibril formation.

Additionally, previous evidence has identified that adding sugar moieties to curcumin for making sugar-curcumin has led to disruption of tau aggregation fibrils at low IC~50~ and caused potent neuroprotective effects ([@ref46]). Meanwhile, the permeability of sugar-curcumin across the blood brain-barrier was improved ([@ref46]). In comparison with water-soluble sugar derivatives of curcumin, crocin naturally has two sugar moieties attached to the end of the polyene hydrocarbon chain and these sugar groups probably have similar actions. After attaching crocins to tau protein, gentiobiose units could increase the total hydrodynamic radius of tau protein and consequently inhibit the required hydrophobicity for beta-sheet formation of the aggregates. Finally, soluble species of tau protein were non-toxic in the presence of crocin which suggest it as a safe candidate.

From the above data, it is evident that crocin appears to have multiple neuro- protective mechanisms and it also has a safety profile in human ([@ref28], [@ref30], [@ref31], [@ref43], [@ref47]-[@ref50]). Importantly, a randomized controlled trial illustrated the efficacy of saffron in the treatment of patients with mild to moderate AD ([@ref50]). As mentioned above, anti-tau-aggregation property of crocin makes this molecule a multifunctional drug.

Conclusion {#sec1-5}
==========

We conclude that corcin has a multi structural characteristics which leads to a variable neuroprotective properties. We suggest that the effect of gentiobiose on tau aggregation process. Would be a good target for future investigations.

This article was a part of a PhD thesis that was done in Institute of Biochemistry and biophysics (IBB), University of Tehran, Tehran, Iran.
